JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. Striga hermonthica, a root hemiparasitic Orobanchaceae, severely constrains grain production in subSaharan Africa. Host specificity and geography may play important roles in shaping the population structure of S. hermonthica, with the Rift Valley potentially presenting a significant barrier to dispersal. Genetic diversity was assessed in 12 S. hermonthica populations from locations in Ethiopia. Of these, seven populations were parasitic on sorghum, two each on tef and maize, and one on finger millet. Genetic variation was detected using four amplified fragment length polymorphism (AFLP) primer combinations. After correcting for repeatability, 385 fragments were detected across all primer combinations. The percentage of polymorphic loci was relatively high, ranging from 53.2% to 76.4%. Expected heterozygosity ranged from 0.168 to 0.279. Genetic differentiation between populations was relatively high, and all populations were significantly different from each other. F ST values ranged from 0.032 to 0.293 and averaged 0.146. Genetic differences between populations could not be attributed to host specificity. Instead, geography was the main determinant of population structure. There was a correlation between geographic and genetic distance. A significant portion of the genetic variance could be apportioned on either side of the Rift Valley (5%; P ¼ 0:001). Also, a significant geographic barrier was identified in the southern portion of the sampled region.
Introduction
Striga hermonthica (giant witchweed), a parasitic plant native to Ethiopia and Sudan (Musselman 1987) , is known to cause substantial losses in cereal crop production across Africa and south Asia. Corn (Zea mays L.), sorghum (Sorghum vulgare Pers.), finger millet (Eleusine coracana [L.] Gaertn.), and tef (Eragrostis tef [Zucc.] Trotter) are among the staple foods threatened by giant witchweed. This parasitic plant currently affects up to 40% of Africa's crop production, and the annual crop yield losses in West African savannas alone account for $7 billion, affecting more than 100 million people (Emechebe et al. 2004) .
The giant witchweed can adapt very quickly to different hosts and environments. Dawoud and Sauerborn (1994) showed that S. hermonthica can attain up to 50% germination under moisture regimes described as the permanent wilting point for its host, illustrating the potentially serious consequences this parasite can have in arid regions. Additionally, witchweed can tolerate wide ranges of day/night temperatures (25°/15°C-40°/30°C; Patterson et al. 1982) , making it a successful parasite throughout its range. These characteristics render S. hermonthica a serious pest to cereal production, especially in the Sahel region (Senegal to Ethiopia), where it has developed two host-specific strains. The first is specific to millet, occurring in the drier and more northerly region of the Sahel, and the second attacks sorghum and is found farther south, in wetter regions (Musselman and Hepper 1986) . In addition, this species has spread in Africa south to Angola and north to the Delta in Egypt, extending its range outside the continent to Yemen and Saudi Arabia (Mohamed et al. 2001) .
The ability of S. hermonthica to withstand a wide range of climatic conditions (Patterson et. al. 1982; Dawoud and Sauerborn 1994) and parasitize different hosts (Ali et al. 2009 ) qualifies it to be considered among the most widely distributed known witchweeds with real invasive potential threatening cereal production worldwide (Mohamed et al. 2006) . Therefore, it is difficult to develop universally resistant host crops, and crop breeding efforts toward obtaining resistant cultivars may need to take the view that Striga species are diverse at the intraspecific level. Instead, it may be better to focus efforts on controlling witchweed itself, particularly its spread. Host specificity and geography could potentially influence the spread of S. hermonthica. If host specificity and geography are significant evolutionary forces for witchweed, the population structure of the species should reflect genetic differences based on host or geographic barriers.
Limited studies on witchweed genetic diversity have been conducted, especially considering its wide range (Mohamed et al. 2007 ). Striga hermonthica is an obligate outbreeder (Safa et al. 1984) , and its hybridization with Striga aspera has caused some taxonomic confusion (Aigbokhan et al. 2000) . Allozyme electrophoresis of nine loci in two populations of S. hermonthica (pearl millet-adapted and sorghumadapted populations) collected from Burkina Faso and one Int. J. Plant Sci. 172(6):773-782. 2011 . Ó 2011 by The University of Chicago. All rights reserved. 1058 -5893/2011 /17206-0003$15.00 DOI: 10.1086 sorghum-adapted population from Sudan revealed high heterozygosity within each population (H ¼ 0:261À0:365; Bharathalakshmi et al. 1990) . That study showed that geographic distance played a greater role in genetic differentiation of S. hermonthica populations than host specialization. Similar evidence was presented for S. hermonthica parasitizing sorghum, pearl millet, maize, and wild grasses in Burkina Faso (Olivier et al. 1996 (Olivier et al. , 1998 , for six West African (Benin, Mali, and Burkina Faso) and nine Kenyan populations of S. hermonthica (Kuiper et al. 1996) , and for S. hermonthica parasitizing maize, millet, and sorghum in Sudan (Ali et al. 2009 ). These studies indicate that low selectivity for hosts may be the trend in S. hermonthica. Genetic differentiation based on host specificity was shown to be greater between the millet and sorghum strains than between any of the maize strains (Ali et al. 2009 ). In summary, the genetic studies done to date show a general correlation between geographic distance and genetic distance and little evidence for host-specific witchweed populations.
The Rift Valley is a potential geographic barrier to the dispersal of S. hermonthica and may result in genetic differences between populations on the east and west sides of the valley. The Rift Valley is thought to have formed more than 2.5 million years ago, bisecting Ethiopia and essentially creating two land masses (Kingdon 1990) . Previous studies on various plant and animal species have demonstrated the significance of this barrier in determining population structure in Ethiopia (e.g., Belay and Mori 2006; Kebede et al. 2007; Silvestrini et al. 2007) .
Amplified fragment length polymorphisms (AFLPs; Vos et al. 1995) have been widely used in plant species, especially in crop plants (Bensch and Akesson 2005) . The advantage of AFLPs is that hundreds of loci can be targeted, and no prior genetic information about the species is required. Additionally, many statistical methods and software packages are now available for AFLP analysis, allowing for the exploration of many population genetic questions (Bonin et al. 2007 ). Gethi et al. (2005) demonstrated the utility of AFLP analysis in S. hermonthica and identified four primer combinations that generated a large number of diverse fragments in the species.
The objective of our study was to identify which evolutionary force-host specificity or geography-is playing the greatest role in shaping genetic diversity within S. hermonthica in Ethiopia. By assessing the level of genetic differentiation between different geographic locations and between witchweed using different hosts, the influences of host specificity and geographic isolation on S. hermonthica evolution can be evaluated. We hypothesize that geographic barriers to dispersal, specifically the Rift Valley as a significant barrier, played a major evolutionary role in genetic differentiation in S. hermonthica populations.
Material and Methods

Sample Collection
Samples were collected in Ethiopia at the end of the growing season in November 2006. Samples were collected randomly from different Striga individuals parasitizing different individual host plants (table 1) . Each sample came from a single Striga growing on a different individual host within the population. Young leaves were collected in the field, immediately placed in paper bags, and kept on dry silica gel. Upon return to the laboratory, the samples were placed on new and dry silica and were then refrigerated at 5°C. We collected samples from 12 populations of Striga hermonthica from 10 locations in central, northern, and eastern Ethiopia (table 1; fig. 1 ). Of these 12 populations, seven were parasitizing sorghum (Sorghum vulgare Pers.), two were parasitizing tef (Eragrostis tef [Zucc.] Trotter), two were parasitizing maize (Zea mays L.), and one was parasitizing finger millet (Eleusine coracana [L.] Gaertn.).
Laboratory Procedures
DNA was extracted from 10 randomly selected individuals from each of the sampled populations, using a standard CTAB extraction procedure (Doyle and Doyle 1987; Cullings 1992) . Several representative samples were quantified, using a fluorometer to ensure that the extraction procedure worked and to optimize subsequent reactions. AFLPs were then analyzed. Each 10-mL digestion-ligation reaction consisted of 1X buffer, 0.05 M NaCl, 0.045 M BSA, 2 mM MseI adapter, 0.2 mM EcoRI adapter, 5 U MseI restriction enzyme, 5 U EcoRI restriction enzyme, 1 U T4 DNA ligase, and ;100 ng DNA. Samples were incubated at 37°C for 2 h. Each 20-mL preselective PCR reaction consisted of 15 mL of AFLP core mix (Applied Biosystems), 0.5 mM MseI-C primer, 0.5 mM EcoRI-A primer, and 4 mL of the digestion-ligation product. Thermocycler conditions were 72°C for 2 min; 20 cycles of 94°C for 20 s, 56°C for 30 s, and 72°C for 2 min; 72°C for 2 min; and 60°C for 30 min. Each 10-mL selective PCR reaction consisted of 7.5 mL of AFLP core mix (Applied Biosystems), 0.25 mM MseI selective primer, 0.05 mM dye-labeled EcoRI selective primer, and 1.5 mL of the preselective PCR reaction. Selective primer combinations were EcoACT/MseCTC, EcoAGC/MseCTC, EcoACC/MseCTC, and EcoACC/MseCAT Note. Land races were farmer's domesticated indigenous sorghum, pearl millet, and tef varieties. Improved varieties were high-yielding varieties selected through breeding for certain areas. Farmer's varieties were nonindigenous maize cultivars but were left to hybridize naturally.
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INTERNATIONAL JOURNAL OF PLANT SCIENCES (Gethi et al. 2005) . Thermocycler conditions were 94°C for 2 min; 10 cycles of 94°C for 20 s, 66°C for 30 s with a 1°C decrease each cycle, and 72°C for 2 min; 20 cycles of 94°C for 20 s, 56°C for 30 s, and 72°C for 2 min; and 60°C for 30 min.
Fragments were visualized on a Beckman Coulter CEQ8000 Genetic Analysis System. Analysis of resulting fragments was conducted with the Beckman Coulter CEQ software, where the presence of a fragment of a particular size was denoted by 1, and the absence of the fragment was denoted by 0. Three samples (one sorghum sample, one tef sample, and one maize sample) were replicated with each primer combination to assess repeatability. Fragments that had a mismatch in scores in any of the replicated samples were dropped from subsequent analyses. All designations by the software were manually checked by a single individual.
Statistical Analyses
Levels of genetic diversity within each population were measured by calculating expected heterozygosity (assuming no inbreeding) and percentage of polymorphic loci, based on a Bayesian method with uniform prior distribution of allele frequencies (Zhivotovsky 1999 ). Genetic differences between populations were measured by F ST (Wright 1978) . These values can range between 0 (no differentiation) and 1 (complete differentiation). Significance of the F ST values was assessed by permutation tests (1000 replicates). Nei's genetic distance (after Lynch and Milligan 1994) was also computed, and these genetic distances were used to construct a neighborjoining tree to evaluate which populations were most genetically similar. Bootstrapping (based on 1000 replicates) was conducted to determine the statistical support for each group present in the tree. All these genetic measures were calculated using the software AFLP-SURV (Vekemans 2002) . The tree was constructed using the software PHYLIP (Felsenstein 1993) .
To test for the role of host specificity in determining population structure, an analysis of molecular variance (AMOVA) was conducted to determine the proportion of variance attributable to differences in host species, with significance based on 999 permutations. To test the role of geography in determining structure, a Mantel test was performed to determine if there was a significant correlation between geographic and genetic distances. Significance was determined based on 999 permutations. An AMOVA (with 999 permutations) was conducted to see if a significant proportion of genetic variance could be apportioned between populations on (Peakall et al. 1995) , during the AMOVA analyses. The software GenAlEx was used for the Mantel and AMOVA tests (Peakall and Smouse 2006 ). An additional test on the role of geography was also performed using the software BARRIER (Manni and Guérard 2004) . This is a spatial autocorrelation approach that uses Monmonier's maximum difference algorithm (Monmonier 1973) to identify genetic barriers in a landscape, specifically those locations where genetic differences are largest.
Results
A sufficient amount of genetic variation was detected using the described AFLP primer combinations ( fig. 2 ). The total number of bands detected across all primer combinations after correcting for repeatability was 385 fragments. The average percentage of polymorphic loci was 60.9%, ranging from 53.2% to 76.4% (table 2). Average expected heterozygosity was 0.204, ranging from 0.168 to 0.279 (table 2) .
Genetic differentiation between populations was relatively high, and all populations were significantly different from each other (P < 0:05; table 3). 
Genetic Diversity due to Geography
Geography appeared to play a significant role in shaping the genetic diversity of S. hermonthica. The neighbor-joining tree showed three distinct groupings with high statistical support that corresponds to geographic location ( fig. 3) . The first group included Sorghum2, Sorghum3, and Sorghum4, lying in the northwestern portion of the study area to the west of the Rift Valley. The second group consisted of Tef5, Tef6, Sorghum7, Maize8, and Sorghum9, all to the east of the Rift Valley, with the exception of Tef5, which was collected 8 km north of Sorghum4. The third group included Sorghum1, Sorghum10, Maize11, and Sorghum12, all in the southern portion of the study area. Samples 10-12 were collected in highlands in the Ahmar Mountain Range to the east of the Rift Valley.
The Rift Valley appeared to be a significant barrier to S. hermonthica dispersal. The AMOVA results suggest that a significant proportion of the variance can be attributed to the Rift Valley, with the rest of the genetic variance being partitioned among populations on either side of the barrier and within populations (table 4). Spatial autocorrelation also indicates that there is a significant genetic barrier in the southern portion of the study area that separates populations Sorghum1, Sorghum10, Maize11, and Sorghum12 from the rest of the populations ( fig. 4) , corroborating one of the three groups in the neighbor-joining tree.
There appears to be a small isolation-by-distance effect. Genetic distance slightly increased with geographic distance. Fig. 2 Sample AFLP gel image. Three individuals from four populations (Sorghum1, Millet4, Sorghum7, Maize8) are represented. Image is a pseudogel created from raw capillary electrophoresis data using the software GelQuest (SequentiX Digital DNA Processing).
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There was a weak but significant correlation between genetic and geographic distance (R 2 ¼ 0:025, P ¼ 0:001). In general, those populations that were farthest from each other geographically were also the most genetically distinct.
Genetic Diversity due to Host Specificity
A correlation between host specificity and genetic differentiation was not detected. The groupings on the neighbor-joining tree did not correspond to hosts (fig. 3) . The results of the AMOVA suggested that host specificity was not a significant factor in explaining genetic differences between populations (table 4). The variance that could be attributed to host differences was 0%, while differences among populations contributed 27% and among individuals contributed 73%.
Discussion
The results from this study show that the sampled Striga hermonthica populations were characterized by high levels of genetic diversity, as indicated by the high level of polymorphism and moderate levels of heterozygosity. These values are comparable to the values obtained using allozymes for S. hermonthica parasitizing different hosts (Bharathalakshmi et al. 1990; Kuiper 1996; Olivier et al. 1996 Olivier et al. , 1998 . Our results are also consistent with the genetic diversity of plants that share a similar life-history and ecology with S. hermonthica. Hamrick et al. (1979) and Loveless and Hamrick (1984) indicate that the heterozygosity for annuals is 0.116; for dicot species, 0.113; for outcrossed species, 0.185; and for weedy species, 0116.
The levels of genetic differentiation observed between the sampled populations span a broad range. According to the standards presented by Wright (1978) , populations with F ST values ranging from 0.15 to 0.25 are highly differentiated, and populations with values ranging from 0.05 to 0.15 are moderately differentiated. Genetic differentiation in our samples was relatively high, and all populations were significantly different from each other. Thirty-two of the 66 (48%) population comparisons were highly differentiated, and the average F ST between all populations represents a high level of genetic differentiation. Lower genetic distance values (range ¼ 0:007À0:025, mean ¼ 0:015), using similar AFLP techniques, were obtained for 24 populations of S. hermonthica in Kenya (Gethi et al. 2005). Those authors attributed the homogeneity of the Kenyan populations of S. hermonthica to recent colonization (a founder event) from the Lake Victoria basin east into Kenya and to its allogamous breeding system. The lack of evidence for genetic differentiation in the Kenyan populations could also be due to the small area sampled, which covered only 0.5°latitude and <1°longitude, in contrast to our study, which extends over a wider and more variable geographical area covering ;5°latitude and longitude.
Genetic Diversity due to Geography
Geography appears to play the greatest role in determining genetic differences between S. hermonthica populations, with the most substantial genetic barrier being in the southern portion of the study area. The southern barrier corresponds to the populations collected on the Ahmar Mountains. These mountains have an elevation of up to 2134 m and are one of the many mountain islands resulting from the topography in Ethiopia. The populations collected from the Ahmar Mountains also have the lowest genetic diversity, indicating that these populations may be isolated on the highlands and may experience a loss of diversity due to genetic drift. Sorghum1 also grouped with samples 10-12, despite the presence of the Rift Valley between the groups and the geographic distance. Sorghum1 also had lower genetic diversity compared to the other groups, perhaps due to its isolation between the Rift Valley and the Ch'ok'e Mountains with a peak of 2470 m. The genetic similarity between Sorghum1 and samples 10-12 may be due to the dispersal route of S. hermonthica in the southern region, with Sorghum1 being the potential source for samples 10-12.
The Rift Valley also appears to be a genetic barrier for S. hermonthica, resulting in genetic differences between popula- tions on the east and west sides of the valley. Differentiation from this geographic barrier is probably a recent phenomenon and reflects the spread of S. hermonthica in recent evolutionary time. Although the proportion of genetic variation that could be attributed to the presence of the Rift Valley was significant, it was relatively low (5%), indicating a recent genetic divergence and probably reflecting the current spread of S. hermonthica. In contrast, the giant lobelia (Lobelia giberroa) had 58% of the genetic variance attributable to geography, suggesting that the populations diverged long ago and likely survived several glacial episodes (Kebede et al. 2007) . One exception to the differentiation between east and west is the grouping of Tef5 with the east side of the Rift Valley, despite its location to the west of the Rift Valley and its close proximity to Millet4. This also may reflect the colonization history and recent divergence of the populations. Colonization may have occurred from the east side of the Rift Valley to the west side, with sufficient time not having passed for complete divergence. The series of highlands in this region may maintain some level of connectivity, allowing for higher levels of dispersal.
There also appears to be a slight isolation-by-distance effect. This would indicate that the most likely mode of dispersal is a stepping-stone model, with those populations that are geographically proximate providing the source for colonizers. However, the isolation-by-distance effect is not as strong as the effect of geographic barriers to dispersal. In contrast, a strong correlation between geographic and genetic distance (R 2 ¼ 0:61) was observed by Botanga et al. (2002) for Striga asiatica, an autogamous species. In the absence of significant geographic barriers, geographic distance alone may be an even stronger determinant in population structure.
Genetic Diversity due to Host Specificity
In this study, host specificity does not appear to be the primary factor shaping the population structure of S. hermonthica. This is consistent with the results obtained for S. hermonthica by Bharathalakshmi et al. (1990) . Other studies have also demonstrated that geography plays a greater role than host specialization in determining genetic differences between Striga populations (Bharathalakshmi et al. 1990; Musselman et al. 1991; Koyama 2000) . Previous studies that were taken as strong evidence of host specificity in S. hermonthica may in fact be attributed to geographical distance. Among these was the study conducted in Sudan by Musselman and Hepper (1986) . They concluded that S. hermonthica has two hostspecific strains, one for sorghum and another for pearl millet. This is particularly true in areas where only sorghum or pearl millet is used as a food crop, either because of limitations imposed by climatic conditions or because of humans' food preferences. For example, in Sudan, sorghum is most commonly grown in the south, but pearl millet is grown in the north, where it is too dry for sorghum. In these regions, S. hermonthica populations developed host specificity to either sorghum or millet. However, in areas where both sorghum and pearl millet were grown, host specificity was not observed (Musselman and Hepper 1986) , providing potential evidence for a weak genetic basis for host specificity.
The apparent lack of genetic differentiation based on host specificity may suggest that specialization of S. hermonthica to its host may be a recent phenomenon, with insufficient time for genetic differences to arise. This is consistent with the observation that when a sorghum field infested with S. hermonthica is replaced by millet, the new crop will be infested by Striga after a few years; this is dependent on the intensity with which a particular crop is grown in the absence of others in a given area (Olivier et al. 1998) .
Origins of host species may also play a role in genetic differences between populations. Sorghum is native to Ethiopia, and sorghum S. hermonthica populations are characterized by fairly high genetic differentiation. Striga hermonthica populations associated with historically important and widely grown host crops in Africa, such as sorghum and pearl millet, may have coexisted with their hosts for a longer period than populations associated with unconventional hosts (e.g., finger millet, tef) or with introduced hosts such as maize. To our knowledge, tef and finger millet rarely were grown for food and were not conventional hosts for S. hermonthica in Africa; our study is among the first for S. hermonthica parasitizing finger millet and tef in Africa. Consistent with this low host specificity in tef and finger millet, the parasite does not seem to seriously damage its hosts in Ethiopia. Furthermore, S. hermonthica plants on these two hosts were much smaller and less branched compared to those collected from sorghum fields.
Stronger evidence of host specificity has been observed in autogamous Striga species such as Striga gesnerioides, where each host-specific strain is adapted to a narrow host range. Mohamed et al. (2001) demonstrated that these host-specific strains have somewhat unique morphology. AFLP markers confirmed genetic differences based on host specificity in populations of S. gesnerioides parasitic on Indigofera hirsuta in central Florida and populations parasitic on I. hirsuta and cowpea from West Africa. The Florida strain and the West African strain parasitic on indigo were more closely related to one another compared to the Florida strain and the West African strain parasitic on cowpea. Race formation in cowpea S. gesnerioides has been shown to be largely due to hostdriven selection (Botanga and Timko 2005) . This high level of genetic differentiation coupled with the species' ability to parasitize different hosts made S. gesnerioides the most widely distributed species in the genus, extending its range even to arid habitats in North and East Africa and Arabia, where it is parasitic on Euphorbia abyssinica.
Although the results suggest that host specificity is not as significant as geography in shaping S. hermonthica population structure, additional studies need to be conducted to confirm the lack of correlation regarding host specificity. Experimental studies in the laboratory involving infection of host species with S. hermonthica from different geographic locations are necessary in order to conclusively assess the role of host specialization in shaping genetic diversity. Additionally, in our study, the host species do not necessarily represent the same cultivar, and this could potentially confound the results.
Management Implications
The high genetic diversity of S. hermonthica presents a challenge for the development of resistance in its crop 779 hosts. Our results show that differences among individuals of S. hermonthica within the same population contributed to 73% (P ¼ 0:001) of the genetic differences. This high level of genetic variability is consistent with obligate outcrosser species (Safa et al. 1984; Bharathalakshmi et al. 1990 ). The high genetic variability within populations of S. hermonthica may make it difficult, if not impossible, to produce reliable resistant varieties. In addition, a single Striga plant produces up to half a million seeds that add to the seed bank from previous years. Combined with the fact that seed of Striga can live up to 20 years in the soil, plant breeders have a great challenge in developing resistant varieties. These resistant varieties will soon be challenged by the diverse seed bank of S. hermonthica. Soils in Ethiopia were highly contaminated with Striga seed, and this may preclude cereal cultivation in some areas. The broader genetic background of S. hermonthica may enable the species to parasitize a number of cereal crops under different climatic conditions. Striga hermonthica and Striga aspera were among the few species proven to hybridize and produce viable seeds (Aigbokhan et al. 2000) . This genetic exchange with nonweedy Striga species could provide a gene reservoir via hybridization.
Farmers in Ethiopia were instructed to pull and burn Striga plants to prevent seed set. However, in practice, the parasites were pulled after seed set and dumped by the roadside. Considering the topography of Ethiopia (i.e., lowlands and highlands), this practice of plant disposal is very harmful and results in spreading Striga to new and faraway places through runoff. A second source for the spread of Striga seed is the contamination of cereal grains with parasitic plant seed because cereals are threshed on the ground inside contaminated fields using oxen and donkeys. When grains were transported elsewhere, they carried Striga seeds with them. The oxen and donkeys provide a secondary source of seed dissemination. These 
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INTERNATIONAL JOURNAL OF PLANT SCIENCES means of dispersal result in long-distance seed spread of S. hermonthica throughout much of Africa and across the Red Sea to neighboring Arabia. In these areas, S. hermonthica was able to develop genetically structured populations based on geography.
The most effective method to combat S. hermonthica is containment and then eradication of the parasite. There appear to be geographic barriers to S. hermonthica migration, providing natural containment areas. Proper disposal of Striga pulled by farmers in Ethiopia will also help in containing Striga and preventing its spread to new areas. Our study demonstrates the need for a more detailed analysis of genetic diversity in S. hermonthica at the level of local populations as well as on a large scale in Africa, in order to understand the parasite well enough for effective management.
